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A Study of the Al kali- Hal ide Concentration Cells.

A Study of Alkali-Halide Concentration CeJUs.
The purpose of this investigation is to continue the
study of aikali-halide concentration ceils, and of liquid junc-
tions, upon which two papers have already appeared in the pub-
lications of this laboratory.
As a method for studying salt solutions, the determina-
tion of the electromotive force of concentration cells has the
advantage, when compared to freezing point determinations, that
the temperature is not fixed. The electromotive force method of
determining the free energy of dilution of an electrolyte may be
used at room temperature, or at any other temperature for which
the data is required.
This thesis deals with a study of the type of alkali-
halide concentration cell with transference, or with diffusion,
and of the liquid junctions involved in these cells. This type
of cell may be represented by:-
Ag HC1, AgCl
C2 solid
AgAgCl, KC1
solid Cj^
While this type of cell is nut capable oi so simple theoretical
interpretation as the cell without transference, yet, as will be
shown in the next section, the relation between the two types is
* In this paper the conventions adopted in the bibliography
by Abegg, Auerbach and Luther, "Me 3 sun gen electromotorischer
Kraft e galvanischer Ketten," will be followed. A vertical line
represents a junction, solid-liquid, or liquid-liquid. A posi-
tive value for the E.M.F. , means that current tends to flow from
right to left through the cell.
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2quite simple, and gives us a method of determining the transfer-
ence number of a given ion. This method of determining the trans-
ference number of a given ion was first mentioned by Helmholtz. 1
The T hermodynamies of Concentration Cells.
The t nermodynamic differential equation connecting the
osmotic work and electrical energy for the two types of cells have
been derived by ^aclnnes and Parker, 2 with the aid of the thermo-
dynamic engine devised by Washburn. 3 For the cell without trans-
ference, the above mentioned paper gives the expression,
(1) F dE a VKdirR - Vcl dTTcl
where F is the faraday, E is the electromotive force of the cell,
is the raolal volume of the ion, and TT is the osmotic pressure
of the ions. For the cell with transference,
(2) F dE s nK (VKdlfx - Vcl dff Q1 ),
which differs from the first equation by n&, the transference
number of the cation.
If the ions are normal solutes,then Tf s CRT, where "If
is the osmotic pressure of the ions, and C. is the concentration
of the ions, and equals 1/V. Integrating equations (1) and (2) we
obtain
(3) E = 2RT/F In C»/C,
and
(4) E = 2nRRT/F In C'/C.
A convenient expression to use when the ions are not
normal solutes, is the 'activity'^ which is the concentrations
which the ion3 would have if they were normal solutes, and produce I
the freezing point lowering, and effects upon the voltage of con-

centration cells, that are actually observed. By definition, then
the ratio, C yc can be replaced by a'/'a, where a' and a are the
Activities 1 of the ions in the two solutions of the concentration
cell.
Description of Apparatus and Solutions.
The Cell.
The ceil used wa3 of the type designed by Maclnnes 5 in his
work on liquid junctions. The electrode vessels were of glas3,
cylindrical in shape and of about 100 cc capacity. Each unit was
supported in a large rubber stopper which allowed of easy movement
in or out of the thermostat. These chambers are lettered (A) and
(P) in the diagram. The tube (C) was made from the lower half of
a test tube, also set in a smaller rubber stopper. The connectin
arms, (D) and (E) were made from 3 mm glass tubing, and passed
t hrough t he electrode chamber stoppers as shown in the diagram.
The electrodes and connecting arras were
supported in the chamber by a three- hole
rubber stopper. The final arrangement
is 3hown clearly by Dig. 1.
Two electrodes were used in
each unit of the cell, and were electri-
cally connected by a small copper wire,
tig. 1. In this way, any small difference of po-
tential between electrodes could be overcome. The relative size,
and distance apart, of the electrodes had little or no effect on
the E.M. B. of the cell, so no particular cars had to be exercised
in the spacing or arrangement of the electrodes in the cell.
When ready for measurement, the cell wa3 immersed in the

4thermostat nearly to the top of the electrode chamber, and allow-
ed to stand until equilibrium had been reached.
Electrodes.
The electrodes used were of the 3ilver, silver chloride
type, and were prepared as follows. A piece of platinum gauze,
about one centimeter square, was welded at white heat to a platir-
num "rire. The wire was sealed into a 6 mm glass tube, and the
tube filled with mercury. The mercury in the tube allowed connec-j
tion to be made to the immersed electrode.
From ten to twenty of these electrodes were suspended
from an iron ring, supported by a ring stand. Each electrode was
|
held by a wooden clip, which was tied by a 3tring to the supporting
ring. A No. 38 copper wiry, which dipped into the mercury of the
electrode, led to a small mercury
reservoir. By this means, all of the
electrodes were kept electrically
connected. The electrodes could be
made to serve as anode or cathode by
reversing the current, and without
disturbing the connecting wires, coulc
Fig. 11. be treated separately or in groups,
by placing properly sized containers under them, holding electro-
lytes. This was found to be very flexible and convenient arrange-
ment.
Since it was desired to obtain a finely divided, closely
adherent deposit of silver on the platinum gauze, a very small
IJ
5current density was used in all operations of making the deposi-
tion on the electrodes. This was not allowed to exceed six milli-
amperes per electrode. It was further noted that larger current
densities were apt to crack the glass wall of the electrode,
around the wire. This cracking of the glass wall was always ac-
companied by abnormal values of the E.M. F. of the cell in which
this electrode stood.
In depositing the silver coat upon the electrode, the
anode consisted of a lump of pure silver bullion, suspended equi-
distant from all the electrodes. The plating solution was made
from the best silver nitrate crystals obtainable. The salt was
dissolved in distilled water, and the silver precipitated by a
saturated solution of pota33ium cyanide. As much as possible of
the supernatant liquid was decanted and the . precipitate washed,
it was then dissolved in an excess of the saturated potassium
cyanide. The solution remained nearly colorless throughout its
use, as long as an excess of the cyanide crystals were kept in the
solution. If this precaution were not taken, the solution turned
very yellow and a red precipitate formed.
it was found that a thin deposit of silver on the gauze
was readily used up in the final coating with silver chloride,
and an unstable electrode resulted. For this reason the silver
plating was continued from three to five hours until a heavy, .
metallic looking deposit was obtained. The plating solution was
then removed, the electrodes washed and dipped into approximately
tenth normal sodium chloride solution. The silver anode was re-
placed by a piece of platinum foil, the current reversed through
the cell, and a closely adherent deposit of silver chloride was

6obtained on the electrode. The finished electrode was of a red-
dish-brown color, if the current were allowed to pass for too
long a time the color of the electrode changed to a dark gray, and
its properties were materially changed. Any electrodes which did
not turn reddi3h-brown in color were discarded.
The finished electrodes were allowed to stand for twenty
four hours in four normal sodium chloride solution, until they
showed the same potential to the solution, within 0.03 millivolt.
As 3kill was developed in the making of these electrodes, this
difference wa3 reduced to less than O.ol millivolt.
The electrodes came into equilibrium with each other
much more rapidly in concentrated than in dilute solutions. How-
ever, two electrodes which showed no difference of potential in
four normal solution, might show considerable difference in a
t nous andt h normal solution. For this reason the electrodes were
later allowed to stand in a solution of concentration equalling
that of the solution in which tney were finally to be used, when
they came to the same potential in this solution they were ready
to be used in final measurements.
it wa3 further noted that two electrodes would come
into equilibrium, although much more slowly, even if they were
not electrically connected. Two electrodes, which showed a dif-
ference of potential of 0.45 millivolt in thousandth normal solu-
tion, were allowed to stand for three hours in a solution which
was const anily stirred. At the end of that time they showed a
difference of 0.20 millivolt. After standing eight hours without
3tirring, and one hour with stirring, they showed a difference of

7only 0.05 millivolt. Since the electrodes were kept connected
during all measurements of the E.M. F. of the cells, and the time
necessary for tnem to show the minimum difference of potential
towards each other was so much shorter, all electrodes were kept
electrically connected during preparation for our work.
In the final work, no electrodes were used that showed
a difference of more than 0,03 millivolt when checked against eaclj
other in a solution of concentration equal to that of the cell m I
which they were finally to be used. Time seemed to nave little
effect on the constancy of the electrodes, once they came into
equilibrium with each other, and the same electrodes could be usee
again and again. Also, since the pair of electrodes in one hall'
of the cell were always connected during measurements, the effect
on the E. M. F. of the cell would probably be less than the measure-
ment of the difference between the two electrodes would indicate.
Preparation of Solutions,
The electrolytes used in this study were sodium and
potassium chloride. These salts were the best obtainable, and
were further purified by repeated crystallization from conductivi-
ty water. After five or 3ix recryst alii zations, the supernatant
liquid being centrifuged off each time, the final pure salt was
fused in a platinum crucible and kept in Jena glass beakers in a
desiccator.
The different concentrations were calculated weight
normal, the weight of salt and water being corrected, in vacuo,
by the following method.

8Preparation of 0.1 N KC1
.
Sp. Gr. of 0,125 N RC1, at 35° 1003.69
100/125 x 3.69 = 2.95, correction from 0.125N to 0.1 N
Sp.Gr. of 0.1 N RC1 1002.95
Density of water at 25° 0.99707
Wt. of liter of water at 25° 997.07 gm3.
1002.95 x 997.07 1000.0314 gms.,
wt. of liter of 0.1 N RSI at 25°.
Vac. corr. for brass against water 1.06 mg. per gra,
1000.03 - 1.06 998.97 gms. actual wt. of KCI soln.
Vac, corr, for bras3 against KCI 0.48 rag. per gm,
7,45 6 x 0.00048 0.003579 gm. vac. corr. for KCi,
7.456 - 0.003579 7.4524 gms, actual wt. of salt.
998,97 - 7.4524 = 991.52 gms. water per liter solution.
Ratio of water to KCI
991.52 : 7.4524 :: water : weighed amount of KCI.
To make up a liter of the solution, about 7.4524 gms., of
KCI were accurately weighed out, and the required amount of water
to be added was calculated from the above ratio. Knowing the
exact weight of salt and water, and the dry weight of the bottle
against a counterpoise of the same 3 nape and size, the water was
added to the salt, drop by drop at the last, until the correct
weight was obtained, to 0.01 gram.
After preparation the solutions were kept stoppered in
bottles
resi stance glass/in the enclosed space above the water of the
thermostat. This air space wa3 saturated with water vapor at
twenty-five degrees, and entirely prevented evaporation of the

solutions around the ground glass stoppers of the bottles. Solu-
tions which were a month old showed no change in voltage when
measured to determine possible concentration changes due to
evaporation.
A study of the liquid Junction.
The liquid-liquid boundary between the differently con-
centrated solutions of the cell is a vital factor in determining
the constancy of the E.M. F. obtained. Cummin g has noticed and
measured a so-called 'time change' at the boundary between two
electrolytes, which he ascribed to !salt migration', rather than
to ionic diffusion. He also noted that capillary tubes greatly
increase this migration and cause rapid changes in the potential
of the cell.
The present investigation has shown that the E.M. F. of
the concentration cell does not depend upon the size of the tubes
connecting the electrode chambers with the liquid junction. Upon
comparing the potentials obtained in this *rork with those obtained
by MacTnnes^, who used capillary tubes in the connecting arms, no
difference was noticed.
in the type of junction used in this investigation, the
connecting arms were made from 3 mm tubing. The lead from the
concentrated solution extended to the bottojn of the container, and
Cone.
-Dilute, opened upward, as shown. This arrangement
kept the more dense liquid at t he bottom of
the container, and decreased diffusion of
the heavy solution. The connecting arm
irom the less concentrated solution was
Fig. 111. shaped like an inverted D and opened down—

10
ward near the surface of the mixture in the container. Thus the
dense liquid remained at the bottom of the container and the
lighter solution remained at the top of the tube. The solution
surrounding the junction was an equal mixture of the two concen-
trations to be measured, and was thoroughly mixed, mechanically,
before the connecting arms were dipped into it.
The junction was tested carefully for diffusion effects,
first by coloring the concentrated half of the cell, and later,
by coloring the more dilute half. At the end of two hours, no
trace of diffusion could be noticed. It was al30 noticed that
the concentration of the electrolyte surrounding the junction had
an effect upon the constancy of the F.M. F. of the cell. In one
series of experiments three junctions were prepared, one from
tenth normal solution, one from hundredth normal solution, and
one from an equal mixture of the two. The electrolytes used were
tenth and hundredth normal sodium chloride. The resulting in-
itial voltages were,
Ag AgCl, NaCl Junction NaCl, AgCl Ag E. y, F,
Ag solid 0.1N O.OlN O.ulN solid Ag -0.04337 volt
Ag 3clid 0.1N 0.1N O.OlN solid Ag -0.04339 "
Ag solid 0.1N mixture O.OlN solid Ag -0.04339 "
The dilute junction did not prevent diffusion as effi-
ciently as did the more concentrated ones, as the E. M. F. of the
first mentioned cell dropped off much more rapidly than did the
other two. In all the measurements recorded below the junctions
were made from thoroughly stirred, equal mixtures of the two con-
centrations to be measured.
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Manipulati on.
The assembling of the cell, and the method of handling
during measurements was as follows.
The electrode chambers, (A) and (Fj of Fig. 1, were
thoroughly rinsed with conductivity water and carefully dried,
j hey were then rinsed with the solution to be measured, to remove
the last traces of foreign materials, and nearly filled with the
solution. The electrodes, taken from a solution of nearly the
same concentration as the solution about to be measured, were
rinsed six times in conductivity water, although tne third rinsing
water showed no trace of chlorides when tested with silver nitrate.
The electrodes were then placed in the filled chamber, shaken
gently, and the solution discarded. Three more portions of the
electrolyte were rinsed over the electrodes, to prevent dilution
by any adherent water, and the cell filled again. The stopper,
holding the electrodes and the connecting arm, was then placed in
the chamber and pressed down gently until the electrolyte filled
the connecting arm, thereby rinsing that portion of the apparatus.
The connecting arms, (D) and (E) of Fig. 1, were placed in a tube
similar to (C) or this figure, but empty, and put in the thermo-
stat to come to equilibrium. The tube (C) wa3 then filled with
an equal mixture of the two concentrations, stirred vigorously,
and placed in the bath beside the cell.
The cells were left in the bath for periods varying fron
three to fifty hours before being measured, but it was found by
a series of measurements, that three hour3 were sufficient to al-
low the cell to come to e •uilibrium, or to reach its maximum

13
voltage. Most of the cells stood from three to five hours before
being measured, although many were allowed to stand over night.
When equilibrium had been reached, the two electrodes
chambers were carefully dipped into the filled tube (C), care
being taken that no bubbles remained in the connecting arms. Any
disturbance of the stoppers, after the chambers had been dipped
into this tube, caused sudden cnanges in the E.M.F. of the ceil,
due to siphoning the solution from the junction into the region
of the electrodes. To avoid disturbing the stoppers when making
connections, the tube of the electrode was made from wide tubing
^6 mmj and the connection made with fine wire (No. 28 Cu). The
leads from the potentiometer were also terminated with this size
wire and could be readily placed into the electrode tube without
the slightest disturbance to the stopper. After these modifica-
tions had been made, very constant voltages were obtained for
hours, as the following data will show.
0.1 N - O.Ol N RC1. Cell filled at 12:30 P.M.
Time E.M.F.
•3:30 F.M. -0.04327 volt.
3:40 " -0.04327 "
5:30 " -0.04329 "
5:45 " -0.04329 M
The voltage of the cell was usually read at ten minute
intervals, for varying lengths of time, until the cell showed a
steady decrease of voltage, due to diffusion effects. At this
point the cells were removed from the bath and refilled. After
the first filling, the process was not so complicated. The cham-
bers and electrodes were merely rinsed with fresh solution and the
electrodes replaced. A new mixture was placed in the tube (C) and
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the refilled cell placed into the thermostat again,
A diagram of the complete apparatus is shown below.
oT£tiT\om--reft.
Fig. IV

Data and Discussion of Results.

Data
From numbers of measurements on both sodium- and potas-
sium chloride, the following data was obtained. The ratios of con-
centrations was always ten to one, being tenth and hundredth, five
hundredth and five-t houdandt h, and hundredth and thousandth.
The final values are given in the table.
The E.M. F. of KC1 concentration ceils with transference
at 25°C.
Ag AgCl, KC1
solid 0.1 N
n 0.05N
" 0.01N
i able 1
KC1, AgCi Ag E.H.F.
u.OlN solid
0.005N " n
0.001N n it
The E.M. F. of NaCl concentration cells with transference, at 25°,
Ag AgCl, NaCl
solid U.l N
" 0.05N
" 0.01N
NaCl, AgCl
0.01N solid
0.005N n
0.001N "
Ag E.M. F.
-0.04330
-0.04410
-0.04517
Apparatus
.
All measurements were carried out at twenty five degrees
Centigrade, in a Freas water thermostat which was regulated to two
hundredth of a degree.
The temperature was read irom a Peckman thermometer
which was calibrated, from time to time, against a Baudan ther-
mometer recently calibrated at the Bureau of Standards.
A Weston Standard Cell, No. 2973, was used with the po-
tentiometer. This cell was checked against a Weston cell, which
had been recently calibrated at the Bureau of Standards, and it
showed a voltage cf 1.0185 volts.
A Leeds and Northrup potentiometer was used for measur-
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ing the cell potentials. The bridge wire and coils of this in-
strument were very carefully calibrated. The ceils were found to
be in excellent condition, but the bridge wire was slightly worn,
and all voltages were corrected accordingly.
Discussion of Results.
it is evident from the equations on page 3, that what-
ever the relation between the osmotic pressure and volume, the
ratio of the E. M. F. of the cell with transference to the cell wit
out transference should give a value for the transference number
of the cation involved.
Taking the values of the E.M.F. of the potassium chlo-
ride concentration cell without transference, obtained by Maclnnes
and Parker,^ and the E.W. F. of the concentration cell with trans-
ference obtained in this investigation, the transference number
of the potassium ion has been calculated. Assuming the value of
the E. M. F. of the sodium chloride concentration cell without trans-
ference approximately the same as that for the potassium chloride
cell of the same type, we can also calculate the transference num-
ber of the sodium ion. The following table gives these calculation^
7
and a comparison ^ith values given by Noyes and Faik.
Table 11,
£.1
13? Vd.
M\ anA ariA
KC1 01N— <?IM 64.00/ 5390 //l 08.30 496 435 436 433
KC1
S4-.00 /
/HO .85
5A-.&Z/
/no 85 434 495 436
/\0&.9o .398 393
.05rt— .005rt
A4.I0 / 393 400
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If we apply the integrated expression, E = SnRT/F InC '/C
for the E.M. F. Of the cell with transference, and calculate the
ion concentration from the conductance measurements in the usual
way, we do not find agreement between experiment and theory, in
every case the calculated values of the E.M.F. are too high. This
is shown in another way by the following table. Column (1) gives
the salt concentrations; column (2) the values of the ratio X /G }
computed from the measurements of Kohlrausch and Malt by? at 18°,
but shown to vary but little from these values at 35°; column v3)
the values for the activity ratio from the E. M. F. measurements of
5
waclnnes and Parker; and column (,4) gives the E.M. F. ratio cal-
culated from the results of this investigation.
Table 111.
b' , /C Activity Ratios """"Activity Ratios
From conduc-
Concen tration tance
lyacmnes &
Parker
KCI
iooti tt
NaCl
Footitt
0. 5N- 0.0 5M 8.85 8.09
0.1N - 0.01N S.16 8.33 8.26 8.24
0.05N-0.00 5N 9.30 8.64 8. 55 8.53
0.03349-, 003347) (9.36) (8.76)*
0.01669-. 00167) (9.47) (8.86)*
0.01N - 0.001N 9.62 9.04 9.00 8.97
From these figures, and the following curves, in which
the activity and concentration ratios are plotted as ordinates, and
the higher concentration of each pair of solutions is plotted as
abscissae, it can be seen that the activity and concentration ratios
differ greatly. However, both ratios are approaching the same value
* Calculated from Jahn's results at 18°,

^i-rrr, i i i i 1 1 i i , 1 1 i n i i i i i-rrrTrrrprrTT^-Tn^TTinTTi^rrTTTTrrt-ii TTri-^tri n i i 1 1 rrrrn-iTTi-i-n-rnTrm 1 1 i i i > ! , ri
O.OT. O.oA. 0.06 O.O& O.IO O.IX.u OF ' s s FOBM 3 \A
£e>r»c£n-fa.*"ho
i*
16
(10), which would be the ratio of the ion concentration of two
solutions at infinite dilution, but whose total salt concentrations
were in the proportion of ten to one. It is evident then, that
the Nernst equation can only be used in dilute solutions.
When we substitute the value of the activity of the ion
for the concentration, in this equation, it becomes t her modynami-
cally valid by definition if we assume the cation and anion to h
have the same activity. From the curve, then, the concentration
ratios are also activity ratios, and the two values gradually ap-
proach each other as the solution becomes more and more dilute.
Liquid junction potentials.
Maclnnes 5 has shown, in his article on liquid junction
potentials, that the electromotive iorce of the liquid junction car
be calculated from the following equation,
(5) Ej = Et (1 - l/2n c )
for cells wit h transference, and,
(6) 'E-J = E (2nc - l)/2,
for cells without transference. E^ is the E.H. F. of the liquid
junction, Et is the E. M. F. of the cell with transference, and 'E}
the E. M. F. of the cell without transference, while 'n£ is the trans
ierence number of the cation involved. The derivation of tnese
equations involves only the use of the two laws oi thermodynamics,
and contains no assumption regarding the concentration of the ions
of the tiro solutions.
Using equation (5), the liquid junction potentials of
the chloride concentration cells has been calculated, and also the
difference between the electrode potentials of the silver, silver-
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chloride electrodes. The following table shows these calculated
potentials and also the potentials calculated in the previous
work on this subject.
Table IV.
Liquid 3"ortc-V»oiA V<o-V«N-Vl«a\
.
CI Kci ru CI KCI
0.ul— .01 tl +.0M16 Vo\.-\ -V. Ooo5S> vov.-t -. 05448 \/oi4 ~. 0646-4O Vovi
•05^-—
.oo5N t. OU5T Vou-t t.00055 Jout —.05 566 Vow* -055^T Vol.-*
0\r\— oo\\i V.OOo5<S -JoWt • ooou
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Summary.
A successful mexhcd of preparing and handling silver,
silver chloride electrodes has been developed.
The electromotive forces of ceils with transference.
Ag AgCl, KC1
solid C 1
KC1, AgCl
Cg solid
Ag
have been measured and compared with the potential of concentra-
tion cells without transference, as measured by Maclnnes and
Parker?
it has been confirmed tnat the potential ratios will
give accurate values for the transference number of the cation.
The measurements indicate that the 'activities' of trie
ions from potassium- and sodium chloride solutions are very
similar, although much lower than the concnetrat ions calculated
from conductance measurements, however, values for 'activity 'and
'concentration' approach the same limit in very dilute solutions.
i>'or lengths of time sufficient. to determine accurately
the maximum voltage of the concentration cell, the liquid
junction has been found to be practically diffusion-free, and
electromotive forces show no trace of 'time change of potential.*
It is with sincere gratitude that acknowledgment is
here made to Dr. D. A. Macinnes for his most valuable criticisms
and suggestions, and for the interest he has taken in this work.
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